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Current steps attributed to resonant tunneling through in-
dividual InAs quantum dots embedded in a GaAs-AlAs-GaAs
tunneling device are investigated experimentally in magnetic
fields up to 28 T. The steps evolve into strongly enhanced
current peaks in high fields. This can be understood as a
field-induced Fermi-edge singularity due to the Coulomb in-
teraction between the tunneling electron on the quantum dot
and the partly spin polarized Fermi sea in the Landau quan-
tized three-dimensional emitter.
PACS numbers: 73.40.Gk, 73.23.Hk, 72.10.Fk 85.30.Vw
The interaction of the Fermi sea of a metallic system
with a local potential can lead to strong singularities close
to the Fermi edge. Such effects have been predicted more
than thirty years ago for the X-ray absorption and emis-
sion of metals [1] and observed subsequently [2]. Similar
singularities as a consequence of many body effects are
also known from the luminescence of quantum wells [3].
Matveev and Larkin were the first to predict interaction-
induced singularities in the tunneling current via a lo-
calized state [4] which were measured experimentally in
several resonant tunneling experiments [5–7] from two-
dimensional electrodes through a zero-dimensional sys-
tem.
Here we report on singularities observed in the reso-
nant tunneling from highly doped three-dimensional (3D)
GaAs electrodes through an InAs quantum dot (QD) em-
bedded in an AlAs barrier. These Fermi-edge singulari-
ties (FES) show a considerable magnetic field dependence
and a strong enhancement in high magnetic fields where
the 3D electrons occupy the lowest Landau level in the
emitter. We observe an asymmetry in the enhancement
for electrons of different spins with an extremely strong
FES for electrons carrying the majority spin of the emit-
ter. The experimental observations are explained by a
theoretical model taking into account the electrostatic
potential experienced by the conduction electrons in the
emitter due to the charged QD. We will show that the
partial spin polarisation of the emitter causes extreme
values of the edge exponent γ not observed until present
and going beyond the standard theory valid for γ ≪ 1 [4].
The active part of our samples are self-organized InAs
QDs with 3-4 nm height and 10-15 nm diameter embed-
ded in the middle of a 10 nm-thick AlAs barrier and
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FIG. 1. Typical steps in the I-V -characteristics of a
GaAs-AlAs-GaAs tunneling diode containing InAs QDs at
T = 500 mK. The (*) marks the current step due to sin-
gle electon tunneling through one individual InAs QD which
is analyzed in detail. Insets: (a) Principle sample structure
of an InAs QD (black) embedded in an AlAs-barrier (white)
between two GaAs-electrodes (grey). The arrows mark the
tunneling direction of the electrons. (b) Schematic profile of
the band structure at positive bias.
sandwiched between two 3D electrodes. They consist
of a 15 nm undoped GaAs spacer layer and a GaAs-buffer
with graded doping. A typical InAs dot is sketched in
inset (a) of Fig. 1, the vertical band structure across a
dot is schematically shown in inset (b).
Current voltage (I-V ) characteristics were measured in
large area vertical diodes (40×40 µm2) patterned on the
wafer. In Fig. 1 we show a part of a typical I-V -curve
with several discrete steps. We have demonstrated pre-
viously that such steps can be assigned to single electron
tunneling from 3D electrodes through individual InAs
QDs [8] consistent with other resonant tunneling experi-
ments through self-organized InAs QDs [9].
For the positive bias voltages shown in Fig. 1 the elec-
trons tunnel from the bottom electrode into the base of
an InAs QD and leave the dot via the top. The tunnel-
ing current is mainly determined by the tunneling rate
1
through the effectively thicker barrier below the dot (sin-
gle electron tunneling regime). A step in the current oc-
curs at bias voltages where the energy level of a dot, ED,
coincides with the Fermi level of the emitter, EF .
In the following we will concentrate on the step la-
beled (*) in Fig. 1. Other steps in the same structure as
well as steps observed in the I-V -characteristics of other
structures show a very similar behavior.
After the step edge a slight overshoot in the tunnel-
ing current occurs consistent with other tunneling exper-
iments through a localized impurity [5] or through InAs
dots [7]. This effect is caused by the Coulomb interaction
between a localized electron on the dot and the electrons
at the Fermi edge of the emitter. The decrease of the
current I(V ) towards higher voltages V > V0 follows a
power law I ∝ (V − V0)−γ [5] (V0 is the voltage at the
step edge) with an edge exponent γ = 0.02± 0.01.
The evolution of step (*) in a magnetic field applied
parallel to the current direction is shown in Fig. 2a. The
step develops into two separate peaks with onset voltages
marked as V↓ and V↑. The Landau quantization of the
emitter leads to an oscillation of V↓ and V↑ and a shift
to smaller voltages as a function of magnetic field, see
Fig. 2b. This reflects the magneto-quantum-oscillation of
the Fermi energy in the emitter [12,13]. From the period
and the amplitude of the oscillation we can extract a
Fermi energy (at B = 0) E0 = 13.6 meV and a Landau
level broadening Γ = 1.3 meV in the 3D emitter. The
measured E0 = 13.6 meV agrees well with the expected
electron concentration at the barrier derived from the
doping profile in the electrodes.
For B > 6 T only the lowest Landau level remains
occupied. With a level broadening Γ = 1.3 meV the
Fermi level EF for 15 T < B < 30 T is within less than
2 meV pinned to the bottom of the lowest Landau band,
EL = h¯ωc/2. As a consequence the onset voltage shifts
to lower values as αe∆V ≈ −h¯ωc/2 with α = 0.34. The
diamagnetic shift of the energy level in the dot can be
neglected compared to this shift of the Fermi energy in
the emitter. For the dot investigated in [8] with r0 =
3.7 nm the diamagnetic shift at 30 T is ∆ED = 3.5 meV
negligible compared to EL = 26 meV.
The two distinct steps with onset voltages V↓ and V↑
originate from the spin-splitting of the energy level ED
in the dot. Their distance ∆Vp is given by the Zeeman
splitting ∆Ez = gDµBB = αe∆Vp with an energy-to-
voltage conversion factor α = 0.34 [10]. As shown in
Fig. 2c ∆Vp is indeed linear in B, with a Lande´ factor
gD = 0.8 in agreement with other experiments on InAs
dots [11].
For low magnetic fields (B ≤ 9 T in our case, see graph
for B = 9 T in Fig. 2a) the size of the steps is very simi-
lar for both spins and about half of the size at zero field.
Also the slight overshoot in the current as the signature
of a Fermi edge singularity is similar for both spin ori-
entations and comparable to the zero field case with an
edge exponent γ < 0.05 for all magnetic fields B < 10 T.
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FIG. 2. (a) I-V -characteristics of step (*) at T = 500 mK
in various magnetic fields up to 28 T. The inset sketches the
partial spin polarization in the emitter and the spin splitting
of the dot level in a magnetic field.
(b) Onset voltages for the two spin-split current steps as
a function of B compared to the expected behavior for
EF = 13.6 meV and Γ = 1.3 meV (solid line, shifted to the
right for clarity).
(c) Measured Zeeman splitting between the two current steps.
The form of the current steps changes drastically in
high magnetic fields where only the lowest Landau level
of the emitter remains occupied. In particular, the sec-
ond current step at higher voltage evolves into a strongly
enhanced peak with a peak current of one order of mag-
nitude higher compared to the zero-field case.
Following [11] we assume that gD is positive whereas
the Lande´ factor in bulk GaAs is negative. This assump-
tion is verified by the fact that the energetically lower
lying state (first peak in Fig. 3) is thermally occupied at
higher temperatures and can therefore be identified with
the minority spin in the emitter.
2
-γ
 
I0 ~ T 
I 0 
(n
A
)
 
T (K)
150 155 160
0.0
0.2
0.4
0.6
-γ
γ = 0.43
I ~ (V-V0)
0.5
0.2
50.5
B = 22 T
   0.5 K
   1.4 K
   2.0 K
   4.2 K
I (
n
A
)
V (mV)
FIG. 3. I-V -characteristics at B = 22 T for different
temperatures. The dots represent the shape of a FES,
I ∝ (V − V0)
−γ , with an edge exponent γ = 0.43. The inset
shows the peak height as a function of temperature with the
solid line fitting the peak current I0 by a power law I0 ∝ T
−γ .
The strongly enhanced current peak at higher energies
is due to tunneling through the spin state corresponding
to the majority spin (spin up) in the emitter. The result-
ing spin configuration is scetched in the inset of Fig. 2a
and will also be confirmed below by our theoretical re-
sults.
The shape of this current peak can be described by a
steep ascent and a more moderate decrease of the cur-
rent towards higher voltages. Down to temperatures
T < 100 mK the steepness of the ascent is only limited
by thermal broadening. The decrease of the current for
V > V0 is again described with the characteristic behav-
ior for a Fermi-edge singularity, I ∝ (V − V0)−γ , where
V0 here is the voltage at the maximum peak current.
However, along with the drastic increase of the peak
current the edge exponent γ increases dramatically reach-
ing a value γ > 0.5 for the highest fields.
A different way to visualize the signature of a FES is
a temperature dependent experiment. As an example
we have plotted the I-V -curve at B = 22 T for differ-
ent temperatures in Fig. 3. As shown in the inset the
peak maximum I0 for the spin-up electrons decreases ac-
cording to a power law I0 ∝ T−γ with an edge exponent
γ = 0.43± 0.05. Such a strong temperature dependence
is characteristic for a FES and allows us to exclude that
pure density of states effects in the 3D emitter are re-
sponsible for the current peaks in high magnetic fields.
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FIG. 4. Experimental edge exponents γ extracted from the
temperature dependence of the peak height (circles) and from
fitting the slope (triangles) compared to our theoretical pre-
dictions. The majority spin in the emitter is shown with
filled symbols, open symbols correspond to the minority spin.
The solid lines represent the theoretical prediction without
level broadening, for the dashed curves a level broadening
Γ = 1.3 meV was included in the theory.
As shown in Fig. 3 an edge exponent γ = 0.43 also
fits within experimental accuracy the observed decrease
of the current for V > V0.
It is not possible to extract the edge exponent for the
minority spin directly from temperature dependent ex-
periments. At high magnetic fields the observed increase
of the current with increasing temperature is mainly
caused by an additional thermal population of the mi-
nority spin in the emitter. The general form of the curve
is merely affected by temperature. Therefore, the edge
exponent can only be gained from fitting the shape of the
current peaks.
A compilation of the edge exponents γ for various mag-
netic fields and both spin orientations is shown in Fig. 4.
For the data related to the majority spin two indepen-
dent methods were used to extract γ. For the minority
spin only fitting of the shape of the I-V -curves was used.
For a theoretical description of these effects we con-
sider a 3D electron gas in the half space z < 0. In a
sufficiently strong magnetic field B||zˆ all electrons are
in the lowest Landau level. This defines a set of one-
dimensional channels with momentum h¯k perpendicu-
lar to the boundary. This situation is different from
the cases considered for scattering off point defects as
in Refs. [1,4] or for a 2D electron gas where the cur-
rent is carried by edge states [14]. The single particle
wave functions in channel m ≥ 0 are ψm(ρ, φ) sin kz with
ψm(ρ, φ) ∝ ρm exp(−imφ− ρ2/4ℓ20). In the experiments
the magnetic length ℓ0 =
√
h¯/eB (ℓ0 = 5.6 nm at 20 T)
is comparable to the lateral size of the QD 2r0 ≈ 7 nm.
Hence the effect of the electrostatic potential of a charged
3
dot on the electrons in a given channel of the emitter de-
creases rapidly with m, and the observed FES are mainly
due to tunneling of electrons from the m = 0 channel
into the dot. Following [1,4] tunneling processes of spin
σ electrons from the m = 0 state in the emitter give rise
to a FES with edge exponent
γσ = − 2
π
δ0(kFσ)− 1
π2
∑
m
∑
τ=↑,↓
(δm(kFτ ))
2
(1)
where δm(k) is the Fermi phase shift experienced by the
electrons in the m-th channel due to the potential of the
quantum dot [15]. From (1) the observed field depen-
dence of the edge exponents is a consequence of the vari-
ation of the Fermi momenta for spin-σ electrons with
magnetic field and the field dependence of the effective
potential in the one-dimensional channels. The former
can be computed from the one-dimensional density of
states (DOS) of the lowest Landau band
D(E,B) =
e
√
m∗
(2πh¯)2
B (d(ǫ↑) + d(ǫ↓)) . (2)
Here ǫσ = E−(h¯ωc±g∗µBB)/2 is the energy of electrons
with spin-σ measured from the bottom of the Landau
band. g∗ ≈ −0.33 [16] is the effective Lande´ factor of the
electrons in the emitter. The DOS for the spin-subbands
is d(ǫ) =
√
2Re(ǫ+ iΓ)−1/2. Without broadening, Γ = 0,
one has kFσ = π
2nℓ20(1 ± b3) where n is the 3D density
of electrons and b is the magnetic field measured in units
of the field necessary for complete spin polarization of
the 3D emitter. Using a Fermi energy E0 = 13.6 meV
and neglecting level broadening we find that only the
lowest Landau level (both spin states!) is occupied for
B1 > 5.2 T. Including level broadening changes B1 to a
slightly higher value. With the known field dependence
of the Fermi energy in the quantum limit we can calculate
the field for total spin polarisation
Bpol =
(
16
9ξ
)1/3
m∗E0
h¯e
≃ 43 T (3)
with g∗ = −0.33 [16] and m∗ = 0.067m0. ξ =
1
2 |g∗|m∗/m0 is the ratio between spin splitting and Lan-
dau level splitting.
To make contact to the experimental observations
we have to specify the interaction of the screened
charge on the QD and the conduction band elec-
trons. A Thomas-Fermi calculation gives U(ρ, z) =
(2e2 exp(κz)/κ)(d/(ρ2 + d2)(3/2)) [4]. Here d = 5nm
is the width of the insulating layer and κ−1 = 7nm
is the Debye radius. The effective potential seen by
electrons in channel m is Vm exp(κz)/κ with Vm =
2e2d
∫
dρ2|ψm(ρ, φ)|2/(ρ2 + d2)(3/2). For large κ we ob-
tain for the phase shift in the m = 0 channel δ0(k) ≈
−v0f(B)k/κ where
f(B) =
(
d
ℓ0
)2{
1−
√
π
2
d
ℓ0
e
d
2
2ℓ2
0 erfc
(
d√
2ℓ0
)}
(4)
and v0 ∼ (m∗e2/h¯2κ)(κd)−2 up to a numerical factor.
Similarly we obtain the integrated effect of the channels
m > 0 in (1). In Fig. 4 the resulting exponents γσ ob-
tained for σ =↑, ↓ are shown for v0 = 6.75 and a broad-
ening Γ = 0 and Γ = 1.3 meV, respectively. The value
used for Γ reflects its realistic experimental value. v0 is
the only fit parameter.
Already the simple model with no level broadening
(Γ = 0) is in good agreement with the experimentally
measured edge exponents for both spin directions, espe-
cially in high magnetic fields where possible admixtures
of higher Landau levels play a minor rule. Including level
broadening leads to a less dramatic spin polarisation in
the emitter and as a consequence smears out the field de-
pendence of γ for the minority spin. The basic features,
however, remain unchanged. In particular, the edge ex-
ponent for the minority spin retains moderate values for
high magnetic fields, whereas the edge exponent related
to the majority spin shows a strong field dependence with
very high values in high magnetic fields.
In conclusion we have evaluated experimental data
concerning magnetic-field-induced FES in resonant tun-
neling experiments through InAs QDs. We have shown
that the interaction between a localized charge and the
electrons in the Landau quantized emitter leads to dra-
matic Fermi phase shifts if only the lowest Landau level
in the 3D emitter is occupied. This results in edge expo-
nents γ > 0.5 which were measured and described theo-
retically.
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